Strains of Pseudomonas aeruginosa which produce an alginate-like slime polysaccharide were shown to also synthesize an intracellular enzyme which can degrade these polysaccharides and the seaweed alginic acids. The enzyme acts as an eliminase introducing A4,5 unsaturation into the uronic acid moiety. It appears to be a polymannuronide lyase which degrades the polysaccharides, depending on their uronic acid composition, to a series of oligosaccharides, the smallest of which is a disaccharide. L-Guluronic acid linkages are not split. The Pseudomonas alginase resembles other bacterial alginases and enzymes from molluscs but differs in some important properties, such as extent of degradation and linkage preference. (11, 12, 25) . It had also been noticed by us that when an individual culture plate was kept at 4°C for several months, the surface slime present lost most of its viscosity. This raised the possibility that the organisms may have contained a degradative enzyme which was slowly released. Alginases have been isolated from marine and freshwater Pseudomonas strains (7, 17, 24) , other types of Pseudomonas species (32) and other marine bacteria (27), Alginovibrio species (31), and a variety of molluscs such as abalone (23) or littorina (10). All of these enzymes appear to act by an elimination mechanism rather than by hydrolysis, in common with many bacterial enzymes which act on polyuronides such as the eliminases which act on glycosaminoglycans (15) and pectin (9).
plates were incubated at 25°C for 2 days and then for 2 days at 32°C. Organisms and material from these plates were used to prepare slime polysaccharide as well as enzyme.
Polysaccharide was isolated as described previously (11) . Two strains of organisms were used, one producing polysaccharide high in D-mnannuronic acid content (90%), the other producing polysaccharide fairly high in L-guluronic acid content (35% guluronic acid). The ratio of manuronic to guluronic acid content was determined by a paper chromatography method (11) . Some of the polysaccharides were later analyzed by Vadas et al. using a gas chromatography method (34) . The (native) or after deacetylation by alkali (11) .
Isolation of enzyme. Organisms were grown on 20 plates, and the mucoid growth was scraped off the surface with a sterile rod into a 4-liter suction flask which contained 2.97 liters of sterile aqueous medium (pH 7.2) composed of 45 g of a pancreatic casein digest (Difco), 49 g of K2HPO4 * 3H20, 12 g of NaH2PO4 * H20, 150 mg of MgSO4 * 7H20, 3 mg of FeCl3 * 6H20, 2 mg of MnC12, 2 mg of ZnC12, 1 mg of CaC12 * 2H20, 1.5 mg of CoCl2 * 6H20, 0.4 mg of CUSO4, 0.1 mg of Na2MoO4'* 2H20, and 0.03 mg of Na2B407. While the material was scraped into the solution, the suspension was stirred with a magnetic stirrer. Then 30 ml of yeast extract (Difco) at 40 mg/ml of distilled water (sterilized by passage through a Zeitz filter) was added to the suspension. This was aerated at a rate of 1 liter of filtered air per min at 32°C for 3 days. Silicone antifoam was added during this procedure. The suspension was centrifuged at 20,000 x g for 1 h to separate the organisms from the slime. The precipitate was washed with 100 ml of 0.85% NaCl in 0.1 M sodium phosphate buffer (pH 7.2) and recentrifuged at 20 ,000 x g for 20 min. The Haug (Trondheim, Norway). Alginase from abalone was a gift from H. I. Nakada and the alginase from Alginomonas (Pseudomonas species) was prepared as described previously (11) . Blocks of segments containing mainly L-guluronic acid, D-mannuronic acid, or alternating areas were prepared from alginate as described previously (14) .
Methods. Enzyme activity was assayed by dissolving the enzyme at appropriate levels in 0.1 ml of 0.5 M sodium acetate (pH 6.5). The substrate (2 mg) was dissolved in 0.9 ml of the same buffer. The enzyme solution was added to the substrate, and activity was measured at 28°C against time by increase in reducing sugar (28) , increase in absorption at 232 nm (15) A, the same polysaccharide (native, containing 10% O-acetyl groups). Activity was measured by increase of absorption (E) at 552 nm, using a colorimetric reaction (18) for a,13 unsaturated uronic acids (the result of eliminase action) as shown here, or alternatively by absorption at 232 nm (16) or by increase in reducing sugar (28) .
oligosaccharides were further fractionated on a column of DEAE-Sephadex A-50. A series of oligosaccharides were obtained (see Fig. 5 ). They were tentatively identified as di-, tri-, tetra-, and pentasaccharides by comparison with a standard and by elution position (20) . The di-and trisaccharide fractions were desalted on a charcoal-Celite column (2) , and the tetra-and pentasaccharides were desalted on Sephadex G-10. The compounds were then isolated by lyophilization and further characterized by paper chromatography (see Fig. 6 ) and analysis (see Table 3 ).
RESULTS
Action of the enzyme on slime polysaccharides. A lyophilized crude enzyme preparation from an organism obtained from a patient with a urinary tract infection was first tested for activity on a deacetylated (alginases act poorly on acetylated polysaccharides) slime polysaccharide high in mannuronic acid. The substrate was degraded extensively as were tested for activity and found to contain substantial amounts of enzyme. To check whether enzyme production also occurred in nonmucoid organisms, a nonmucoid strain isolated from a patient with a urinary tract infection was grown in the presence or absence of alginic acid. (The known bacterial alginases required induction of the organisms by substrate.) In addition, an unusual strain producing a polysaccharide very low in O-acetyl groups was used. Enzyme was isolated and tested as above. The nonmucoid organisms and the low O-acetyl slime producer appeared to make low but significant amounts of alginase (Table 1) . This is in agreement with preliminary data by Pugashetti et al. (26) .
Enzyme purification. To characterize the enzyme and compare it with alginases from other sources, we carried out the following steps.
When attempting a variety of purification procedures such as gel, ion-exchange, and hydroxyapatite chromatography, we noticed that considerable loss of activity occurred regardless of procedure when the crude enzyme was kept in solution even at low temperatures. Therefore, the stability of the enzyme under different conditions was investigated before further attempts at purification were undertaken.
The crude enzyme preparation was dialyzed against a large volume of distilled water at 5oC for 20 h, and it was observed that 90% of the activity was lost as compared with a frozen control sample. Therefore, the effects of various buffer concentrations in the presence or absence of "protecting agents" were determined. The enzyme was found to be fairly stable only at high salt concentrations. Neither ovomucoid, albumin, or gelatin, which are often used to stabilize enzyme solutions, prevented loss of activity at low buffer concentrations. Sulfhydryl-protecting agents such as dithiothreitol were also ineffective. As loss of activity might have been due to proteases in the crude preparation, stability was checked in the presence of a variety of protease inhibitors, such as iodoacetamide, 6-amino hexanoic acid, and benzamidine. No effect of the inhibitors on loss of activity at low salt concentrations could be detected.
Ammonium sulfate fractionation was repeated with care to maintain high salt concentrations. Fractionation was carried out in 0.69 M sodium acetate. Considerable improvement in specific activity without a large loss of total activity was achieved ( Table 2) . Subfractionation of the 50% ammonium sulfate supernatant did not lead to any further improvement. Attempted purification on an anion-exchange column (DE-52) or a cation exchanger (CM-52) lead to complete loss of activity. When the enzyme was absorbed on hydroxyapatite, most of the activity was also lost. Chromatography on Sephacryl S-200 showed a slight separation between active enzyme and inactive protein. Therefore, chromatography on a column of Sephacryl S-300 was carried out. The major peak of activity coincided with the major protein peak. However, when peak tubes were combined and the enzyme was isolated, some improvement in activity was observed ( Table 2) .
Characterization of the enzyme. In the following experiments, the enzyme obtained after ammonium sulfate fractionation or after Sephacryl S-300 chromatography was used. No difference in properties between these preparations could be detected. The enzyme showed a fairly broad peak with optimum activity at pH 6.2. The temperature optimum was found to be between 20 and 40°C.
The enzyme was also characterized by its activity on various substrates and compared with the alginases from Alginomonas (Pseudomonas) species (11) and abalone.
The action of the P. aeriuginosa enzyme on a slime polysaccharide high in mannuronic acid content (90%) and on one lower in mannuronic acid (65%) was tested (Fig. 1) . Both the native and the deacetylated polymers were used. The enzyme showed essentially no activity against the native polymers (10% acetyl for both) but degraded both deacetylated compounds well. This agrees with previous data (11) on other alginases. Not much difference in the rate of degradation between the high and the lower mannuronic acidcontaining polymers could be observed, although the degree of degradation seemed more extensive for the polysaccharide containing more L-guluronic acid. The enzyme was also tested on the deacetylated polysaccharide produced by the same organism it was obtained from. The activity found was very similar to that shown in Fig. 1 . (22) .
whether the enzyme is a guluronidase, a mannuronidase, or contains both activities (17, 23) , the enzyme was tested on block structures obtained from alginic acid by acid hydrolysis (14) . The P. aeriuginosa enzyme acted well on mannuronic-containing blocks, less well on segments containing "alternating" mannuronic and guluronic units (these segments are not strictly alternating but contain some short blocks also [5] ), and not at all on blocks containing guluronic acid only (Fig. 2) . The abalone alginase when tested on the same substrates was found to be a mannuronide lyase also, which agrees with earlier data (23) ; the Alginomonas preparation, on the other hand, was found to contain both mannuronide and guluronide lyase activities (Fig. 3) .
To characterize the reaction mechanism of the P. aeruginOsa enzyme, we compared it with the Alginomnonas and the abalone alginases by using the three enzymes at equivalent levels of viscosity units. The relation between viscosity units and linkage splitting as measured by increase in unsaturation indicates that the Alginomonas alginase (or alginases) degrade the substrate in the most random fashion whereas the abalone enzyme appears to favor internal linkages (Fig. 4) ; the P. aeruginosa enzyme appears to be intermediate in type of mechanism. This is also supported by the distribution of oligosaccharides obtained (see below and Fig. 5 ).
Products obtained with the P. aeruginosa enzyme. The products obtained from 60 mg of deacetylated slime polysaccharide were isolated as described above and characterized by paper chromatography (Fig. 6 ) and analysis ( Table 3) . The chromatographic data and the analyses, in particular, the ratio of UV absorbance to uronic acid content (only the nonreducing end contains unsaturation), are consistent with the molecular sizes assigned in Table 3 The material, which in this case was eluted mainly in one peak, was retained somewhat longer than the control disaccharide (unsaturated digalacturonic acid; the reducing end is galacturonic acid, the nonreducing end is a A4,5 unsaturated uronic acid derived from galacturonic acid). A small sample of this peak material was run on paper chromatography (Fig.  6 ) and found to migrate like a-keto hexonic acid. That is, the Alginomonas enzyme degraded the polysaccharide mainly to a monosaccharide product (24) under the same conditions that the P. aeruginosa enzyme degraded it to oligosaccharides.
Further degradation of oligosaccharides. As the oligosaccharides obtained by the action of the P. aeruginosa enzyme appeared not to be final products and as they could provide further clues to specificity they were used to study further degradation. Paper chromatography was used to evaluate activity.
Oligosaccharides shown in Table 3 were incubated with P. aeruginosa and Alginomonas enzymes, and products, if any, (4) or the orcinol (6) reaction. These reactions are influenced by structural features and mannuronic-togluronic acid ratios (11) . Therefore, although they give a general measure of purity, they cannot be relied on for a precise evaluation.
b A reference disaccharide from heparan sulfate had an absorption of 1.5 at 100 ,ug/ml (16) .
C This compound seems less pure than the others as all values are somewhat low, but see above.
were examined by paper chromatography. The Alginomas enzyme degraded tetra-and pentasaccharides to a-keto acid (also its major product when acting on the polymer itself) (Fig. 7) . The disaccharide appeared to be resistant. The P. aeruginosa enzyme degraded the pentasaccharide to trisaccharide and disaccharide and the tetrasaccharide to disaccharide(s). The trisaccharide appeared to be degraded very slightly by the P. aeruginosa or Alginomonas enzymes; the disaccharide was resistant to the P. aeruginosa enzyme. It should be pointed out that the oligosaccharides contain mannuronic as well as guluronic acid (unpublished observation) which may affect enzyme activity. This is complicated by the fact that an oligosaccharide, although uniform in size, may be heterogeneous in this respect. DISCUSSION It is of considerable interest that the same P. aeruginosa organism that produced a very viscous exopolysaccharide when grown in culture as well as in vivo (19) also produces an enzyme capable of degrading this polymer. However, it should be considered that in most cases the native polysaccharide contains O-acetyl groups which make it fairly, though not completely, resistant to its own and other alginases. Nonmucoid strains appear to contain small, but detectable, amounts of enzyme. Purification of the alginase proved difficult, in part due to its instability at low ionic strength. Data presented here indicate that the P. aeruginosa enzyme is a polymannuronide lyase. Although the enzyme acts on alternating (i.e., mannuronic and guluronic) segments, further studies will be required to determine whether mannuronic -* guluronic, guluronic --mannuronic, both, or neither (i.e., mannuronic -* mannuronic only) linkages are split. is of interest that an alginase isolated from related Pseudomonas strains is also a mannuronide lyase (32) . It should also be emphasized that, despite occasional claims to the contrary, all bacterial enzymes acting on linkages to a uronic acid unit in a polymer appear to be eliminases rather than hydrolases. The smallest product obtained by the action of the P. aeruginosa enzyme is a disaccharide, whereas the Alginomonas alginase degrades the polysaccharide and most oligosaccharides mainly to an a-keto acid derived from the unsaturated uronic acid (15) . As the Alginomonas preparation is crude, it is not clear whether several enzymes or a single one are responsible for this activity. The abalone enzyme is similar in action to the P. aeruginosa alginase but appears to favor internal linkages (Fig. 4) . The significance of slime as well as enzyme production by P. aeruginosa remains to be explained. As it appears that only the pathogenic strains produce the exopolysaccharide, it has been assumed that it may be related to pathogenicity. (The term slime polysaccharide is in general use but it is often used very loosely to include even cell wall material. As used here, it denotes the copious amounts of polymer produced by mucoid organisms which are readily extracted by saline. It does not refer to smooth cell wall polysaccharide.) Evidence for antiphagocytic effects (1) or resistence to antibiotics (13) by the polysaccharide has indeed been presented but it is controversial (3, 25) . On the other hand, it has been shown that some strains of Staphylococcus aureus can produce an inhibitory factor which suppresses slime formation in Pseudomonas sp. (30) . This implies that the polysaccharide may play a role in defense against other bacterial organisms.
The presence of a degradative enzyme in the same organism, although not unique, may have a variety of functions. The polysaccharide may serve as a degradable energy source, although this does not seem likely as cultures remain mucoid for extended time periods even under unfavorable conditions. The enzyme may also serve as a defense mechanism against related polysaccharide-producing organisms. It is, however, tempting to speculate that the exopolysaccharide is equivalent to a protective cyst or spore wall. A cyst of the same alginate-like polymer, and an alginase (8) , are formed in A. vinelandii (29, 33) , and slime production in P. aeruginosa indeed seems to occur under unfavorable growth conditions (11) . The enzyme then may be an effective agent for the organism to escape from this protective state when conditions change to a more favorable stage for growth. The presence of O-acetyl groups, limiting effective degradation, either may not be too much of a hindrance as some degradation occurs in its presence or may require a deacetylase not tested for at the present. The low enzyme content of the nonmucoid form is consistent with this suggestion.
